We have previously shown that RB plays an important role in the maintenance of the epithelial phenotype. p21 is also involved in several terminal dierentiation systems including keratinocytes. We report here that p21 is an RB target gene in epithelial cells, but not in ®broblasts where RB is unable to transactivate p21 transcriptional expression. In epithelial cells, when RB family factors were inactivated by SV40 T antigen (LT), p21 expression was strongly repressed, whereas its expression was not aected when the cells were transformed by a mutated LT leaving RB active but inactivating p53. Moreover, retransformation by RB of LT transformed epithelial cells totally restored p21 expression. By cotransfection experiments and using deletions and point mutations of the p21 promoter, we show that the minimal region required for the RB-mediated transcriptional activation maps to a GC-rich region located between 783 and 774. This region is shown to interact speci®cally with the transcription factor Sp1 and Sp3. Thus for the ®rst time, we show a positive transcriptional relationship between RB and p21 in epithelial cells. Since p21 keeps RB in a hypophosphorylated state important for its transcriptional activity during dierentiation, our results imply an auto-loop of regulation between RB and p21 that may be essential for the maintenance of the dierentiation state. We propose that this transcriptional relationship might be necessary of their roles in cell cycle arrest and in several dierentiation pathways. Oncogene (2001) 20, 962 ± 971.
Introduction
The retinoblastoma gene product (RB) was ®rst identi®ed as a suppressor of tumor formation because it is absent or mutated in many human tumors (Weinberg, 1995) . RB is a nuclear phosphoprotein that plays a key role in the regulation of cell growth and dierentiation (Weinberg, 1995; Lipinski and Jacks, 1999) . A role for RB in cell proliferation is indicated by several observations, the most important being that (i) oncoproteins such as SV40 Large T antigen (LT) and adenovirus E1A proteins bind to RB and this binding is essential for their oncogenicity; (ii) RB is phosphorylated in a cell cycle-dependent manner (Weinberg, 1995) ; and (iii) microinjection of RB into RB-mutant tumor cells inhibits the malignant phenotype and induces their growth arrest in G1 phase (reviewed in Wang et al., 1994) . It is thought that RB, by binding to and inactivating the E2F transcription factors, represses transcription of genes required for the G1-to-S phase transition (Weinberg, 1995) . As mentioned, in cell culture, RB is phosphorylated in a cell cycle-dependent manner, underphosphorylated during the G1 phase but highly phosphorylated in mid-to late G1. This phosphorylation of RB by cyclindependent kinases (CDK) allows cell cycle progression (Weinberg, 1995) . The phosphorylation of RB can be inhibited by cyclin-dependent kinase inhibitors (CKI). p21 was the ®rst CKI to be cloned and identi®ed. It acts as a direct CDK regulator (Harper et al., 1993) and mediates p53-dependent growth arrest in response to DNA damage (El-Deiry et al., 1993 , Xiong et al., 1993 . In addition it is involved in cell senescence (Noda et al., 1994) .
Besides its role in cell cycle progression, several studies in transgenic and null mice have demonstrated a role for RB in the proper timing and execution of cellular dierentiation during development, more speci®cally during neuronal and hematopoietic dierentiation. When RB function is inactivated in these lineages, apoptosis occurred with aberrant terminal dierentiation (see Wang et al., 1994 for review) . Developmental studies of RB have also correlated its expression with the more dierentiated epithelial tissues (Sezkely et al., 1992) . More recently, RB has also been described as a survival gene (see Lipinsky et al., 1999 for review) and in one case, this property was linked to its role in maintaining epithelial dierentiation (Martel et al., 1996) . Direct or indirect interaction of RB with transcription factors C/EBPa, b, g (Chen et al., 1996a) , NF-IL6 (Chen et al., 1996b) , AP-2 (BatscheÂ et al., 1998) , AP-1 (Nead et al., 1998) , ATF-2 (Kim et al., 1992a) , Sp1 or Sp3 (Kim et al., 1992b; Udvadia et al., 1993) was demonstrated with hypophosphorylated RB augmenting their transcriptional activity and promoting tissue-speci®c gene expression.
Interestingly, p21, like RB, has been implicated in terminal dierentiation-associated growth arrest independently of p53 function. Its expression is increased during several dierentiation processes including hematopoietic, muscular, keratinocyte and neuronal dierentiation (Jiang et al., 1994; Halevy et al., 1995; Macleod et al., 1995; Missero et al., 1995; Parker et al., 1995; Yan and Zi, 1997) . During embryogenesis, the p21 expression pattern, like that of RB, correlates with terminal dierentiation in several cell lineages. For example, p21 expression is detected in hair follicules, nasal epithelium and the outermost layer of the embryonic epidermis, each of these sites of expression containing post-mitotic, dierentiated cells (Parker et al., 1995) . In adults, p21 is expressed in a highly selective manner and is found in large amounts in the fully dierentiated columnar epithelium and also in the brain (Parker et al., 1995) . The overlapping pattern of expression between RB and p21 during embryogenesis and in adults is remarkable (Sezkely et al., 1992) . For example, RB expression likewise is high in the nervous system and in various epithelial cells, such as skin, where it is con®ned to the more dierentiated layers (Sezkely et al., 1992) .
We recently reported that RB activates expression of the E-cadherin gene in epithelial cells through physical and functional interactions with AP-2 transcription factor, thus mediating its role in the maintenance of the epithelial dierentiation (BatscheÂ et al., 1998) .
For all these reasons, we undertook this study to determine whether p21 is an RB target gene mediating its eect in the maintenance of epithelial phenotype. We report here that RB transcriptionally upregulates the expression of the p21 gene in epithelial cells through Sp1 and Sp3 transcription factors. In contrast, RB is unable to activate the p21 promoter in ®broblasts, suggesting that these functional interactions are likely to be important and speci®c in dierentiation.
Results

Endogenous p21 expression is activated by RB
We previously demonstrated that RB plays an essential role in the maintenance of the epithelial phenotype (Martel et al., 1997; BatscheÂ et al., 1998) . RB inactivation by SV40 large T antigen speci®cally induces in epithelial MDCK cells a mesenchyme-like conversion, i.e. a loss of expression of epithelial markers including E-cadherin and cytokeratin, and induction of invasiveness (Martel et al., 1996; . This mesenchyme-like conversion is not observed when MDCK cells are transformed with a K1 LT mutant unable to bind RB family proteins, i.e. when RB is still active, but p53 inactive. Furthermore, the stable reexpression of RB in MDCK(LT) cells allows a partial re-expression of epithelial markers such as E-cadherin, cytokeratin and desmoplakin (Martel et al., 1997) . In our previous studies, several independent clones were isolated and analysed for each case (Martel et al., 1996 (Martel et al., , 1997 Figure 1a shows that p21 RNA, like RB (Martel et al., 1997) , was abundantly expressed in epithelial MDCK cells but drastically repressed in MDCK(1 ± 6) cells (RB inactivated), whereas p21 mRNA expression was not aected in MDCK(2a5), where RB is still active even though p53 is inactived. Interestingly, p21 expression was restored in the MDCK(LT) clone re-expressing RB (RB25) ( Figure  1a ). In addition, we analysed p21 RNA expression in another epithelial cell line, in human HaCat keratinocytes. Figure 1a shows that p21 RNA levels are similar in both epithelial cell lines. Western blot analysis performed on MDCK, MDCK(1 ± 6), MDCK(2a5) and RB(25) con®rmed our analysis on p21 mRNA and show a much lower amount of p21 protein in MDCK(1 ± 6) relative to MDCK, MDCK(2a5) and RB(25) cells (Figure 1b ). In addition, in agreement with our previous results (Martel et al., 1997) , we show that expression of EndoA (cytokeratin) is highly repressed in MDCK(1 ± 6), while it is present in all other clones and in the parental MDCK cells ( Figure   Figure 1 RB up-regulates endogenous p21 expression. (a) Northern analysis. Cytoplasmic RNA was extracted from cycling HaCat (HaCat), MDCK cells (MDCK), MDCK cells transformed by SV40 Large T antigen (LT), (1 ± 6), MDCK cells transformed by LT mutant K1 unable to bind RB (2a5), MDCK(1 ± 6) cells retransformed by a human RB expression vector (RB25). This RNA was then analysed by Northern blot and probed with a human p21 and a rat GAPDH probes. (b) Western analysis. Total protein were extracted from the dierent cell lines as indicated, fractionated on 12.5% SDS polyacrylamide gels and analysed by Western blotting using the anti-p21 antibody SC 397 and the antibody Troma-1 1b), thus correlating p21 expression with the epithelial phenotype. These results show a strong correlation between RB expression and p21 expression in epithelial MDCK cells.
RB transactivates the p21 promoter in a cell-type specific manner
Having established a tight correlation between RB and p21 expression, we next explored if RB can transcriptionally regulate p21 expression. To this end, we performed transient transfection assays and examined the ability of a human RB expression vector to transactivate dierent p21 luciferase (p21 Luc) gene fusion constructs (Datto et al., 1995; Zeng et al., 1997) in MDCK cells and other cell types (Figure 2 ). Figure  2a shows that both the p21 2-Luc (71481/+11) and p21 9-Luc (7144/+11) constructs were signi®cantly transactivated by the RB expression plasmid and not by a control plasmid without insert (Figure 2a) . A plasmid containing a large deletion in the coding sequence of RB resulted in loss of its transactivating capacity, attesting to the need for a functional protein (data not shown). Moreover the speci®city of RB activation was demonstrated by the fact that another nuclear protein, c-fos, had no eect on p21 promoter expression (data not shown). Similar transactivation of the p21 promoter by RB was also observed in the immortalized human keratinocyte cell line, HaCat ( Figure 2a ).
Since we wanted to study the RB eect without interference from p53 binding, we choose the p21 9-Luc promoter, which does not contain a p53 target sequence, for further studies (El-Deiry et al., 1995) . Thus p21 9-Luc was cotransfected into MDCK epithelial cells with increasing amounts of SV-RB expression plasmid or with the insert-free expression plasmid pSV2D (Figure 2b ). Figure 2B shows that the p21 9-Luc promoter was strongly activated by RB (up to sixfold) in a concentration-dependent manner.
These results indicate that RB can transactivate the p21 promoter in two dierent epithelial cell lines, MDCK and HaCat. To determine whether the positive regulation of p21 expression by RB can also occur in mesenchymal cells, we studied the expression of the p21 9-Luc promoter and its regulation by RB in human newborn foreskin dermal ®broblast (HDF), mouse NIH 3T3 and Balb/C 3T3 cells. RB failed to signi®cantly transactivate this promoter in all three ®broblastic cells ( Figure 2a ). For all transfection experiments performed in the current study, we deliberately used an RB expression vector under the control of the SV40 promoter, which is known to lead to low levels of target protein expression. This enabled us to express RB at levels sucient for p21 promoter activation without risking a strong pertubation of Each value is expressed after normalization for transfection eciency using pHbALacZ as an internal control. The results are from at least three experiments performed in duplicate and standard deviation bars are shown cellular mechanism inherent in grossly overexpressing the RB protein. For this reason we could not directly compare the amount of RB proteins produced in the dierent cell types after transfection, however, we compared the levels of the SV40 promoter expression by measuring the levels of cotransfected pSVbgalactosidase. Similar amounts of b-galactosidase were produced in both epithelial and ®broblast cell types (data not shown), hence excluding that the observed functional dierence was caused by quantitative eects.
These results indicate that RB transactivates the p21 promoter in a cell-type speci®c manner, i.e. in two epithelial cell lines, but not in human and mouse ®broblasts.
Characterization of RB-responsive elements.
To further explore the molecular basis for this p21 induction, we used a series of 5' deletions of the p21 promoter (Datto et al., 1995; Zeng et al., 1997) . Cotransfection of the p21-9-Luc (7144) and the p21-93S (793) reporters with the RB expression plasmid into MDCK cells were transactivated 5.7-and 7.4-fold respectively, while the the p21-smaD1(761) construct was barely transactivated, revealing that the region located between 793 and 761 upstream of the p21 transcription initiation site was important for RB activation (Figure 3 ). Previous analysis of the p21 promoter had determined that the region lying between bases 783 through 774 was the target of TGFb (Datto et al., 1995) . Therefore we focused our further studies on this sequence.
We used a mutant containing 10 consecutive mutated bases between 783 to 774 (mut2) (Datto et al., 1995) in cotransfection experiments with the RB expression vector. In this case RB activation was inhibited by 76% (Figure 3 ). To further con®rm this result, we also used two additional mutant constructs, mut2.2 and mut2.3, respectively bearing mutations of bases 778 and 779 from CC to AG and of bases 776 and 777 from CT to GG (Datto et al., 1995) . Activation by RB was likewise greatly reduced in these two mutants (Figure 3 ). These results indicate that the region located between 783 and 774 is essential for RB-mediated transcriptional activation of the p21 promoter in MDCK epithelial cells.
Sp1 and Sp3 bind to the RB-responsive element in the p21 promoter
To determine if any proteins could be detected that speci®cally interact with the RB-responsive element, electrophoretic mobility shift assays (EMSA) were performed with oligonucleotides to the wild type region of the p21 promoter (WT) or the two point-mutated forms (mut 2.2 and mut 2.3) of this region. Since we did not observe any dierence in the levels of p21 ( Figure 1 ) and RB (Martel et al., 1997) expression between canine MDCK and human HaCat cells and since RB activates the p21 promoter in both cell types (Figure 2 and data not shown), we used only the human cells for this study. This avoids technical problems in detecting speci®c proteins bound to the labelled probe, because most antibodies are directed against human proteins.
Three major DNA-protein complexes were formed on the wild-type probe using nuclear extracts prepared from human keratinocyte HaCat cells (Figure 4a ,b, lane 1). These complexes were sequence-speci®c since they could be competed by an excess of unlabeled wild type oligonucleotide (Figure 4a , lanes 2 ± 4), but not by an excess of unlabeled mutated sequence mut2.2 and mut2.3 (Figure 4a , lanes 5 ± 8). Furthermore, no speci®c complexes were observed when mut2.2 and mut2.3 sequences were labeled and used as probes for EMSA studies (Figure 4b , lanes 3 ± 6). These results indicate that the sequence encompassing 783/774 (corresponding to the sites mutated in mut2) bind Figure 3 Characterization of the RB-responsive element of the human p21 promoter. MDCK cells were cotransfected with 1 mg of the indicated p21-Luc construct and either 6 mg of SV-RB expression vector or pSV 2 D (control). The values indicated are averages expressed as fold activation of luciferase activity relative to the baseline value obtained by co-transfecting p21 9-Luc with pSV 2 D (control). Each value is expressed after normalization for transfection eciency using pHbALacZ as an internal control. The results are from at least three experiments performed in duplicate and standard deviation bars are shown speci®c complexes. This suggests that transcriptional activation of the p21 promoter by RB requires at least these 10 bp (783/774), on which speci®c DNA proteins complexes bind, and that bp 779 to 776 (mutated in mut 2.2 and mut 2.3) are essential to mediate RB activation of the p21 promoter (Figures 3  and 4a,b) .
It was previously shown that this region of the p21 promoter binds the Sp1 family of transcription factors (Datto et al., 1995; Yan and Zi, 1997; Biggs et al., 1996; Prowse et al., 1997; Billon et al., 1999) . To establish if this was also the case in our cell system, gel shift assays were performed in the presence of speci®c anti-Sp1 or anti-Sp3 antibodies (Figure 4c ). Sp1 antiserum caused a supershift of the top band, whereas the two lower bands were supershifted in the presence of Sp3 speci®c antibodies. The presence of RB was also investigated by using two dierent RB antibodies, but we did not observe consistent super-shifted bands (data not shown), as previously reported by other groups in similar cases (Chen et al., 1996a , Nead et al., 1998 . This may indicate that RB is not present continuously or stably in complexes with Sp1 family factors (Udvadia et al., 1995) , that the epitope is masked, or that RB is not acting directly in an Sp1 complex. Alternatively EMSA might not be an appropriate experimental approach, especially since stabilizing eects of¯anking sequences and proteins that may bind there, are not present.
Thus the region of the p21 promoter (783/774) essential for RB-mediated activation can bind both Sp1 and Sp3 factors. Together with the results shown in Figure 4 EMSA studies on the RB-responsive region in the p21 promoter. (a) Nuclear extracts from subcon¯uent HaCat cells were incubated with a labeled oligonucleotide corresponding to regions 793 to 761 of the wild type p21 promoter sequence. Speci®city of binding was veri®ed by increasing amounts of unlabeled wild type DNA probe (WT) or mutated sequences (mut2.2 and mut2.3). Note that competition could be observed with WT (lanes 2 ± 4) but not with mut2.2, mut2.3 (lanes 5 ± 8) oligonucleotides. (b) Radiolabeled DNA probes corresponding to regions 793 to 761 of the wild type p21 promoter sequence (WT) or mutated forms of this region (mut2.2 and mut2.3) were incubated with nuclear extracts from HaCat cells. (c) EMSA was performed as in a, using the radiolabeled WT (793 to 761) in the presence of antibodies to either Sp1 (1C6) and Sp3 (D-20) as indicated. *Indicates the supershifted bands Figure 3 , this suggest strongly that the RB-mediated activation of the p21 promoter is dependent on Sp1 and Sp3 binding.
To con®rm the speci®city of interaction of Sp1 and Sp3 with this region and to further investigate the possible presence of RB in complexes associated with the RB-responsive element of the p21 promoter, DNA anity precipitation assays (DAPA) were performed using either wild type biotinylated oligonucleotide or the mutated oligonucleotide mut 2.2. Since p21 induction during keratinocyte dierenciation was shown to be dependent on the transcriptional modulator p300 (Missero et al., 1995) , we also investigated the binding of p300 to the RB-responsive oligonucleotide. The biotinylated oligonucleotides were incubated with HaCat nuclear extracts, DNA-protein complexes were recovered with paramagnetic streptavidin-agarose beads and bound proteins analysed by Western blotting. When the wild type oligonucleotide was used, not only the presence of the dierent isoforms of Sp1 and Sp3 could be observed, but also p300 was clearly detected in the precipitated complexes ( Figure 5 ). This interaction of Sp1, Sp3 and p300 was speci®c for the sequence of the wild type p21 promoter, since neither of these proteins could be observed when the incubation was performed with the mut2.2 oligonucleotide. These results therefore con®rm the presence of Sp1 and Sp3 in complexes associated with the RBresponsive motif of the p21 promoter and indicate that p300 is also able to bind to this sequence, possibly through its interaction with Sp1 as previously shown (Billon et al., 1999; Suzuki et al., 2000) . However these results do not demonstrate that the ability of RB to induce p21 was dependent on p300. Further investigations will be necessary to establish this possibility. We failed to signi®cantly detect RB by DAPA. Studies are in progress to determine whether RB could be part of this nucleoprotein complex or if the interactions are transient, which might explain its absence by DAPA. It should be noted that in all studies, where RB was shown to act as a positive transcriptional regulator, even when RB was demonstrated to directly bind to transcription factors (see the Introduction for references), it was not yet possible to directly demonstrate by any experimental approach, the binding of RB to the DNA target.
All together these results correlate with the ability of p21 to be activated by RB. They also con®rm the essential role of bp 779 and 778 in this activation.
To further investigate the lack of RB-mediated activation of the p21 promoter in ®broblasts, we performed DAPA with HDF nuclear extracts. In addition we compared by direct Western the amounts of Sp1, Sp3, p300 and RB proteins in HDF versus human HaCat epithelial cells. In all cases, the amount of proteins of interest was greatly reduced in human ®broblast cells ( Figure 5 ). Sp3 was about sevenfold less expressed, p300 and RB (data not shown) about ®vefold and Sp1 was totally undectable in HDF ( Figure 5 ). Consequently the DAPA performed with HDF nuclear extracts do not show any binding of Sp1, Sp3 and p300 on the wild type biotinylated oligonucleotide ( Figure 5 ). The same results were obtain with NIH3T3 mouse ®broblast nuclear extracts (data not shown). These dierences might partly explain the absence of RB eect in ®broblasts on the p21 promoter.
Discussion p21 expression has previously been shown to be positively regulated by two tumor suppressor genes, p53 (El-Deiry et al., 1993) and BRCA-1 (Somasundaran et al., 1997). Here we show that another tumor suppressor, RB positively regulates the transcriptional expression of the p21 gene in two epithelial cell lines. In contrast, in human and mouse ®broblasts RB has no eect on p21 transcriptional regulation. To this regard, the transcriptional activity of RB was already shown to be dependent of the cell type (Robbins et al., 1990; Kim et al., 1991 , BatscheÂ et al., 1998 . This may be because speci®c transcription factors such as Sp1 and cofactors might be present in limiting amounts ( Figure 5 ) and/or a post-translational modi®cation might be missing in ®broblasts. Alternatively, an inhibitor might be present in ®broblasts (Chen et al., 1994) .
In epithelial cells the RB-mediated activation of p21 is independent of p53. Indeed, endogenous p21 expression was not aected in MDCK cells transformed by a K1 LT mutant leaving RB active but still inactivating p53 (Figure 1 ). Moreover transactivation Figure 5 DNA anity precipitation assays (DAPA) on the RBresponsive region in the p21 promoter. DAPA was performed using biotinylated versions of WT and mut 2.2 oligonucleotides. Each biotinylated oligonucleotide was incubated with 10 mg (100 mg for Sp1) nuclear extracts from HaCat and HDF cells. DNA-protein complexes were recovered with Streptavidin MagneSphere Paramagnetic Particles (Promega), denatured and loaded on a polyacrylamide gel. HaCat and HDF nuclear extracts (NE) were also loaded on the gel as a positive control (10 mg for p300 and Sp3 and 20 mg for Sp1). Proteins were transferred onto a PVDF membrane and probed with aSp1 (IC6), aSp3 (D-20) and ap300 (NM11) antibodies of p21 promoter constructs by RB occurred even when the p53 binding site was deleted. Furthermore, RBmediated activation of p21 also occurred in HaCat cells, where both alleles of the p53 gene are mutated (Lehman et al., 1993) . It is interesting to note that all the previously described eects of p21 during several dierentiations were found to be independent of p53 (Jiang et al., 1994; Halevy et al., 1995; Macleod et al., 1995; Missero et al., 1995; Parker et al., 1995) .
We found that RB-mediated activation of p21 occurs through Sp1 and Sp3 transcription factors, since mutations of their binding site abolished p21 activation. However our results do not exclude the possibility, that the RB target site (783/774) identi®ed here is not the only one, since mutations in this region do not totally abolish RB-mediated activation (see Figure 3 ) and Sp1 and Sp3 may not be the exclusive RB partners necessary for p21 activation.
RB overexpression has been shown to lead to the activation of a number of genes including c-fos (Robbins et al., 1990) , c-myc (Kim et al., 1991) , TGF-b1 (Kim et al., 1991) , IGFII (Kim et al., 1992) through Sp1 family factors. In all cases, in agreement with our study, this interaction was found to be indirect. In one study, the Sp1 factor was shown to mediate RB activation through the TAFII-250 factor, which has intrinsic acetyltransferase activity (Shao et al., 1995) . Studies are in progress to determine if p300 could mediate the interaction between RB and Sp1, since in epithelial cells p300 is able to bind to the RBtarget sequence on the p21 promoter ( Figure 5 ) and furthermore p300 was previously shown in vivo to interact with Sp1 (Billon et al., 1999 , Suzuki et al., 2000 .
The RB ± Sp1 mediated activation of p21 is interesting because Sp1 family members are in vivo expressed in a tissue-speci®c manner (Saer et al., 1991) . In some respects their distribution resembles that of RB (Sezkely et al., 1992) , suggesting their involvement in certain dierentiation processes. In fact Sp1 is involved in the expression of many speci®c epithelial markers, including E-cadherin and several keratin genes (Behrens et al., 1991; Fuchs et al., 1993) . Interestingly, E-cadherin and the mouse keratin genes endo A and endo B were likewise found to be activated by RB (BatscheÂ et al., 1998) through another speci®c epithelial transcription factor, AP-2 (Fuchs et al., 1993) . Actually in many of these speci®c epithelial promoters, especially the p21 promoter , Sp1 binding sites were found to be in close proximity with AP-2, which is also, as just mentioned, activated by RB (BatscheÂ et al., 1998) , reinforcing the idea that Sp1 family factors play an important role in dierentially expressed genes. Moreover, Sp1, like AP-2, also contributes to the transcriptional regulation of a number of neuron-speci®c genes (see Yan and Zi, 1997) .
Interestingly, the Sp1 target site of RB on the p21 promoter (783/774) was found to be the target of many other factors including TGFb, NGF, phorbol ester, okadaic acid, progesterone and Ras (Datto et al., 1995; Li et al., 1995; Yan and Zi 1997; Billon et al., 1999; Owen et al., 1998; Kivinen et al., 1999) , suggesting that at least some of these eects could be mediated by RB.
Our results establish a direct link between an oncogene (LT), a tumor suppressor gene and negative regulation of the basic cell cycle machinery and provides an additional explanation for the role of RB in control of cell proliferation and cancer. Inactivation of RB induces a loss of the epithelial phenotype (Martel et al., 1997 and Figure 1 ) and simultaneously represses p21 expression (Figure 1) , directly increasing G1 cyclin cdk activity that can be directed toward other substrates than RB necessary for cell proliferation.
Signi®cantly, we show a positive transcriptional relationship between RB and p21 in epithelial cells and our results highlight an auto-loop of regulation between RB and p21 essential for the maintenance of the epithelial dierentiation phenotype. In vivo during epithelial dierentiation, the expression of both genes is increased (Sezkely et al., 1992 , Parker et al., 1995 . Increased p21 levels would maintain RB in a hypophosphorylated state, allowing it to interact with speci®c dierentiating-transcription factors such as C/EPBa, C/ EPBb, NF-IL6 (Chen et al., 1996a, b) , AP-2 (BatscheÂ et al., 1998), AP-1 (Nead et al., 1998) , Sp1 (Kim et al., 1992; Udvadia et al., 1995) and activating dierentiation speci®c genes such E-cadherin in epithelial cells (BatscheÂ et al., 1998) . Only the hypophosphorylated form of RB is present during dierentiation (see Wang et al., 1994 for review) and could be complexed then with the above mentioned factors. These speci®c protein interactions could in turn allow RB to act as a positive transcriptional regulator, thereby maintaining the dierentiated state. A working hypothesis summarizing these data is presented in Figure 6 . Thus this interaction between RB and p21 appears to be a distinguishing feature of their roles in cell cycle arrest and also in epithelial dierentiation pathway and might be a paradigm of theses processes.
Materials and methods
Cell culture and transfection
MDCK (canine kidney) cell line were grown in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 5% fetal calf serum, HaCat (human keratinocyte, a gift of N Fusenig), NIH3T3 and Balb/C 3T3 mouse embryo ®broblasts were grown in 10% fetal calf serum and human newborn foreskin dermal ®broblasts (HDF) (a gift of T Magnaldo) in 20% fetal calf serum. Transfection assays were performed as previously described (BatscheÂ et al., 1998) . For transfection of HDF cells, we used the FuGENE 6 transfection reagent as described by the manufacturer (Roche). The amount of transfected DNA was kept constant by adding pSV 2 D (SV control) DNA. As internal control, 1 mg of the b actbgal construct (pHALacZ) was cotransfected with the other plasmids in each sample. Reporter gene activity was determined about 40 h after transfection with the luciferase assay system (Promega). Each transfection was performed in duplicate and was reproduced at least three times with dierent plasmid preparations; the histograms shown in the ®gures are representative of these experiments. Each cotransfection experiment was also independently performed with plasmid controls containing only the promoter region of the expression plasmid pSV 2 D (SV control). When necessary, the ®nal luciferase activity was corrected, depending on these controls.
Plasmid constructs
The p21 promoter reporter constructs used in this study have been extensively described elsewhere (Datto et al., 1995; Zeng et al., 1997) . The p21Luc constructs were a kind gift of W ElDeiry. The human RB expression vector (SV-RB) was a gift of R Weinberg and P Hinds.
Nuclear extracts and electrophoretic mobility shift assays
Preparation of nuclear extracts from subcon¯uent HaCat and HDF cells were carried out as previously described (Dignam et al., 1983) . Complementary oligonucleotides corresponding to bases 761 through 793 in the wild type p21 promoter constructs and the mutant promoter constructs mut 2.2 and mut 2.3 were synthetized, annealed, and puri®ed on polyacrylamide gels (61 ± 93 wt, GAGCGCGGGTCCCGCCTCCTTG AGGCGGGCCC; mut2.2 GAGCGCGGGTCCCGGATC-CTTGAGGCGGGCCC, mut 2.3; GAGCGCGGGTC-CCGCCGGTTGAGGCGGCCC). One hundred ng of these double-stranded DNA probes were end-labeled with 100 mCi of g-32 P-labeled ATP and T4 polynucleotide kinase. Approximately 0.1 ng, or 60 000 c.p.m. of probe and 6 mg of nuclear extracts were used in each gel shift analysis. Binding reactions were performed at 48C during 30 min, in Dignam's dialysis buer (20 mM HEPES pH 7.9, 20% glycerol, 0.1 M KC1, 0.2 mM EDTA, 0.5 mM PMSF, and 0.5 mM DTT) with 1 mg of poly (dI-dC). The reactions were then loaded on a 0.5X TBE 5% acrylamide gel at 48C. Competitions and super shift experiments were performed by adding unlabeled oligonucleotides or antibodies 5 min prior to the addition of the radiolabeled probe.
DNA affinity precipitation assay (DAPA)
The 793/761 WT and 793/761 mut2.2 oligonucleotides, described above were biotinylated at their 5'-termini (Oligo Express), annealed and puri®ed on polyacrylamide gels. The DAPA was performed as previously described in a total volume of 100 ml (Billon et al., 1999 ) except that we used 0.4 mg of biotinylated DNA probe with 10 mg of nuclear extracts. For Sp1, 100 mg of nuclear extracts and 4 mg of biotinylated DNA probe were used in a volume of 400 ml. The mix and 50 ml of paramagnetic streptavidin-agarose beads (promega) were rocked for 2 h at 48C. Then the paramagnetic beads were recovered and washed three times in a buer containing 250 mM NaCl and 0.25% triton. Bound proteins were recovered by addition of 26Laemmli buer, heated at 968C for 5 min and loaded on an SDSprotein gel. Western blotting was performed as described previously (BatscheÂ et al., 1998) . A mouse monoclonal antibody to Sp1(1C6) and a rabbit polyclonal antibody to Sp3 (D-20) were purchased from Santa Cruz. The anti-p300 mouse monoclonal antibody NM11 and the anti-Rb mouse monoclonal antibody PMG3-245 were from Pharmingen.
RNA isolation and transfer
Cytoplasmic RNA was isolated and then subjected to electrophoresis in 1.1% agarose gels as described (Martel et al., 1996) and transferred onto Hybond N + ®lters (Amer- Figure 6 Hypothetical working model representing the auto-loop of regulation between RB and p21 WAF1/CIP1 in dierentiated cells. RB upregulates transcriptional p21 expression through Sp1 and other unidenti®ed yet factor, which in turn keeps RB in a hypophosphorylated state. Hypophosphorylated RB was shown to activate dierentiation transcription factors such AP-2 (BatscheÂ et al. 1998). Finally, expression of the dierentiated markers such E-cadherin and cytokeratins would contribute to the maintenance of the dierentiated state sham) in 20 mM NaOH, then left for 5 h at room temperature. Two controls were routinely performed to verify equal loading of the RNA. Before loading, a 2 mg sample of the 40 mg of treated RNA was run on a separate gel, which was then stained with ethidium bromide (not shown). The transfers were also hybridized with a GAPDH probe as an internal control.
Preparation of labeled hybridization probes
The pC-WAF1-S construct (a gift of W El-Deiry) was used to yield the p21 probe (2.1 Kb) after a digestion with XhoI and HindIII. The DNA fragment was then labeled by the megaprime DNA labeling kit (Amersham) and hybridized overnight at 608C in Church buer. The puri®ed PstI fragment of rat glyceraldehyde-3 phosphate dehydrogenase cDNA (GAPDH) was used as control.
Western blot analysis
Subcon¯uent or quiescent cells were harvested and lysed as previously described (Martel et al., 1997) . After denaturation, proteins were fractionated on SDS polyacrylamide gels and Western blot analysis was performed by standard procedures and with the ECL Western blotting detection system (ECL, NEN) using the polyclonal anti-p21 SC-397 antibody (Santa Cruz Biotechnology) and the monoclonal Troma-1 antibody (gift of P BruÃ let), which is a speci®c antiserum raised against endo A, a mouse cytokeratin homologous to the human cytokeratin 8.
